The elucidation of a code for regulated splicing has been a long-standing goal in understanding the control of post-transcriptional gene expression events that are crucial for cell survival, differentiation and development. We decoded functional RNA elements in vivo by constructing an RNA map for the cell type-specific splicing regulator FOX2 (also known as RBM9) via cross-linking immunoprecipitation coupled with high-throughput sequencing (CLIP-seq) in human embryonic stem cells. The map identified a large cohort of specific FOX2 targets, many of which are themselves splicing regulators, and comparison between the FOX2 binding profile and validated splicing events revealed a general rule for FOX2-regulated exon inclusion or skipping in a positiondependent manner. These findings suggest that FOX2 functions as a critical regulator of a splicing network, and we further show that FOX2 is important for the survival of human embryonic stem cells.
Understanding regulated gene expression is vital to providing insights into disease and development. Whereas much effort has been placed on deciphering transcriptional regulation though interactions with functional DNA elements by the more than a thousand transcription factors encoded in mammalian genomes, little is known about an equally sizable number of RNA binding proteins and their involvement in diverse aspects of RNA metabolism. A dominant function of these RNA binding proteins is to regulate alternative splicing, a major form of post-transcriptional regulation of gene expression that is thought to contribute to the structural and functional diversity of the cellular proteome 1 . One of the ultimate goals in the RNA field is to deduce a set of rules that govern the control of splice-site selection to produce the 'splicing code' . This goal can now be approached due to recent advances in functional genomics and high-throughput sequencing.
Human embryonic stem cells (hESCs) are pluripotent cells that propagate perpetually in culture as undifferentiated cells and can be readily induced to differentiate into various cell types both in vitro and in vivo 2 . As hESCs can theoretically generate most if not all of the cell types that constitute a human, they serve as an excellent model for understanding early embryonic development. Furthermore, hESCs are a nearly infinite source for generating specialized cells such as neurons and glia for potential therapeutic purposes or for screening small molecules to intervene with specific biological processes 3, 4 . Therefore, there has been intense interest in identifying the molecular changes that are important for the survival of hESCs, maintenance of pluripotency and promotion of cell differentiation.
In our previous Affymetrix exon-tiling array analysis, we demonstrated that the FOX binding motif GCAUG was enriched proximal to a set of exons that are alternatively spliced in hESCs, suggesting that FOX splicing factors may have a vital role in the biology of hESCs 5 . Thus, we selected the RNA binding protein FOX2 to identify the functional RNA elements in the human genome in hESCs by deep sequencing. FOX2, a member of the FOX family of RNA binding proteins, was initially identified as a factor involved in dosage compensation in Caenorhabditis elegans and was later found to be evolutionarily conserved across mammalian genomes 6 . FOX2 is best known for its tissue-specific expression in muscle and neuronal cells and for its activity in regulated splicing in those highly differentiated cell types 6, 7 . Unexpectedly, we found that FOX2 is expressed abundantly in the hESC lines HUES6 and H9, which are positive for the pluripotency markers OCT4, SOX2, NANOG and SSEA4 ( Fig. 1a and Supplementary Fig. 1 online) . In contrast, FOX1 (also known as A2BP1) is not expressed in any hESCs examined. Consistent with their tissue-specific expression in cells of the neural lineage, both FOX1 and FOX2 are expressed in neural progenitors.
RESULTS

CLIP-seq for mapping functional RNA elements
We began to address the function of FOX2 in hESCs by developing a high-throughput experimental approach to large-scale identification of FOX2 targets in vivo, by coupling a modified CLIP technology 8 with high-throughput sequencing, a method we refer to as CLIPseq (Fig. 1b) . Key features of CLIP include: stabilization of in vivo protein-RNA interactions by UV irradiation, antibody-mediated enrichment of specific RNA-protein complexes, SDS-PAGE to isolate protein-RNA adducts after RNA trimming by nuclease, 3¢ RNA linker ligation and 5¢ labeling using 32 P-gATP. To prevent continuous RNA trimming by the RNase A used in the original protocol, we used micrococcal nuclease (MNase), which can be inactivated by EGTA, a modification that improves RNA recovery. Titration of the MNase allowed controlled trimming, resulting in short RNA molecules in the range of 50 nucleotides (nt) to 100 nt that remain attached to the protein (bands A and B in Fig. 1b) . Recovered RNA was ligated to a 5¢ linker before amplification by reverse-transcription PCR (RT-PCR). We designed both linkers to be compatible for sequencing on the Illumina 1G Genome Analyzer.
We obtained 5.3 million 36-nt sequence reads from anti-FOX2-enriched RNA from HUES6 hESCs, 83% of which (4.4 million) were uniquely mapped to the repeat-masked human genome (data available at hg17 and hg18 genome browsers (http://genome.ucsc.edu/) under 'Regulation'). Our comparisons between genes containing CLIP reads in smaller-scale sequencing runs in HUES6 and H9 cells indicated a high overlap ranging from 70% to 90% ( Supplementary Fig. 2 online), indicating that FOX2 binds to similar targets in both cell lines. As expected from a splicing regulator that interacts primarily with transcribed mRNA, we found that the FOX2 binding sites were largely confined within protein-coding genes (B3.7 million or 80% of total tags), 97% of which are oriented in the direction of transcription (sense-strand reads) ( Supplementary Fig. 3 online), confirming that DNA contamination was not a major issue with our preparation. Among annotated human genes, 16,642 (75%) contain one read within exonic or intronic regions, 3,598 (22%) have up to 10 reads and 543 (3%) harbored 10 to more than 1,000 reads. This distribution probably reflects the abundance of individual gene transcripts expressed in HUES6 cells, an assumption that was confirmed by the observation that the read density was positively correlated with gene expression measured on Affymetrix exon arrays in general (Supplementary Fig. 4 online) . This observation indicates that we cannot identify preferred targets for FOX2 by simply rank ordering the reads that map to individual transcripts.
Genomic distribution of in vivo FOX2 binding sites
To distinguish enriched FOX2 binding sites from background binding, we established gene-specific thresholds based on the assumption that FOX2 may prefer to bind to specific loci, rather than binding randomly to distributed sites along individual transcripts. We therefore computationally extended each genome-aligned sequence read in the 5¢-to-3¢ direction by 100 nt-the average length of RNA fragments after MNase treatment. The height at each position indicates the number of reads that overlap with that position.
To identify enriched FOX2 binding in clusters, we determined the false-discovery rate (FDR) for each position by computing the 'background' frequency after randomly placing the same number of extended reads within the gene for 100 iterations, similar to an approach that has been described for finding DNA-protein interaction clusters 9 . For a particular height, our modified FDR was computed as the ratio of the probability of observing background positions of at least that height to one standard deviation above the average probability of observing actual positions of at least that height. We hESCs was subjected to enrichment using anti-FOX2 rabbit polyclonal antibody. RNA in the complex was trimmed by MNase at two different concentrations, followed by autoradiography, as illustrated. Protein-RNA covalent complexes corresponding to bands A and B were recovered following SDS-PAGE, RT-PCR amplified and sequenced by the Illumina 1G genome analyzer.
identified FOX2 binding clusters by grouping positions that satisfied the condition FDR o 0.001 and occurred within 50 nt of each other. This analysis identified 6,123 FOX2 binding clusters throughout the human genome. The median distance between clusters within protein-coding genes was 813 nt, whereas the median distance between randomly chosen regions of similar sizes was 7,978 nt ( Supplementary Fig. 5 online) . This result demonstrated that true FOX2 binding loci are indeed distributed non-randomly in proteincoding genes.
To further group the clusters, we determined the reduction in cluster number as a function of increasing window size. The number of clusters decreased eight-fold as the window size increased until the threshold of 1,500 nt was reached ( Supplementary Fig. 6 online) . In contrast, the number of randomly chosen regions of similar sizes remained unaltered at any window size. Using this approach, we identified 3,547 combined clusters within the 1500-nt window, probably representing true FOX2 binding events, occurring either individually or in groups, in the human genome.
Having established grouped clusters, we next determined the motifs enriched in the clusters compared to randomly selected regions of similar sizes within the same protein-coding genes. Using Z-score statistics 10 , we found that the most significantly enriched hexamer within the clusters was UGCAUG (Z-score of 25.16; P-value o 10 À70 ) (Fig. 2a) , which exactly matched the biochemically defined consensus FOX1 and FOX2 binding site 11 . We next calculated the fractions of the grouped clusters that contained the consensus, observing that 1,052 (33%) and 704 (22%) of the FOX2 binding clusters harbored the GCAUG and UGCAUG motif, respectively, compared to 23% and 11%, respectively, of randomly located regions. Although this enrichment is highly significant (P-value o10 À10 ), the observation indicates that FOX2 did not bind to all available consensus-containing sequences and that FOX2 may also recognize other types of sequences in complex with other RNA-processing regulators. Consistent with the previously published bioinformatics analyses showing that composite functional RNA elements tend to be more evolutionarily conserved than other genomic regions that contain just the consensus 12-14 , we found that 8% and 5% of FOX2 binding clusters contained one or more GCAUG and UGCAUG, respectively, that were perfectly conserved across four mammalian genomes (human, dog, mouse and rat). In contrast, only 2% (four-fold difference) and 1% (five-fold difference) of randomly selected pre-mRNA regions contained one or more perfectly conserved GCAUG and UGCAUG sites. These findings strongly suggest the functional importance of the FOX2 binding sites identified by CLIP-seq.
Preferential FOX2 action near alternative splice sites
To characterize the FOX2 binding profile relative to known splice sites, we found a median of 1.7 reads per kilobase of nucleotide sequence within protein-coding genes, with 13.5 reads per kilobase in exons, 2.2 reads per kilobase in introns, 0.3 reads per kilobase in promoters and 0.7 reads per kilobase in 3¢ untranslated regions (UTRs). This observation suggests that FOX2 binds preferentially to exonic and intronic regions, consistent with its function as a splicing regulator. We observed that FOX2 binding clusters were 20-fold more likely to lie within exons and flanking intronic regions relative to randomly selected regions in the same protein-coding genes (Fig. 2b) . This enrichment decreases to the background level B3 kb away from the exons. Notably, the FOX2 binding sites were significantly (P-value o 0.001) enriched in the downstream intronic region B50-100 nt from the 5¢ splice site, consistent with several characterized FOX2 binding sites in regulated splicing 7 . The FOX2 binding sites were also enriched in the upstream intronic regions near the 3¢ splice site, but at a level 2.5-fold to 3-fold lower than in the downstream regions (Fig. 2b) .
Preferential FOX2 binding to intronic regions near both 3¢ and 5¢ splice sites supports a crucial role of FOX2 in splice-site selection. Previous studies showed that intronic regions flanking alternatively spliced exons are more conserved than those flanking constitutive exons 15, 16 . To determine whether FOX2 functions through conserved cis-acting regulatory RNA elements, we compared the association of mapped FOX2 binding clusters with constitutive and alternative splice sites and found that the highest enrichment occurred around alternative conserved exons (ACE) (Fig. 2b) . Conversely, using Phastcons scores as a measure of evolutionary sequence conservation (Phastcons scores vary from 0 to 1, with 1 indicating high conservation) 17 , we confirmed that FOX2-bound intronic regions flanking alternative exons were approximately two-fold more conserved than those flanking constitutive exons, and four-to seven-fold more conserved than other intronic regions containing randomly selected regions of similar sizes (Fig. 2c) . These findings are fully consistent with existing examples of FOX2-regulated alternative splicing events 18 , where high levels of flanking-sequence conservation were predictive of regulated splicing in mammalian cells 15, 16 .
FOX2 regulation of RNA targets
Overall, we identified FOX2 binding clusters in 1,876 protein-coding genes, suggesting that B7% of human genes are subjected to FOX2 regulation in hESCs. To study the function of these FOX2 target genes, we performed gene ontology analysis 16 , revealing a surprising enrichment for RNA binding proteins (P-value o 10 À8 ; Supplementary Table 1 online). We also noted enrichment for nuclear mRNA splicing factors (P-value o 10 À5 ) and serine/threonine kinase activity (P-value o 10 À3 ). Among these FOX2 target genes were heterogeneous ribonucleoproteins (hnRNPs; for example, A2/B1, H1, H2, PTB and R), known alternative splicing regulators (for example, A2BP1, PTB, nPTB, QKI, SFRS3, SFRS5, SFRS6, SFRS11 and TRA2A) and RNA binding proteins important for stem-cell biology (for example, LIN28 and MSI2). This observation suggests that FOX2 may have a crucial role in establishing and maintaining the splicing and signaling programs in hESCs. Figure 3 presents four examples of FOX2 RNA targets. A total of 962 CLIP-seq reads were localized within the fibroblast growth factor receptor (FGFR) gene FGFR2 (Fig. 3a) , which is known to be subject to FOX2 regulation 19 . A substantial number (103) of FOX2 CLIP-seq reads were clustered around one of the mutually exclusive exons (exon 8, which is selected to produce FGFR7 or keratinocyte growth factor (KGF) in epithelial cells, whereas exon 9 is used to produce FGFR2 in fibroblasts). The mapped FOX2 binding sites coincide with three UGCAUG and two GCAUG sites that are conserved across humans, dogs, mice and rats.
We previously identified in the STE20-like kinase (SLK) gene a 93-nt alternative exon that was included in hESCs but excluded in differentiated cells or tissues 5 . We mapped a total of 495 FOX2 CLIPseq reads around three conserved (U)GCAUG elements upstream of the alternative exon (Fig. 3b) . Indeed, FOX2 knockdown resulted in exon skipping of the alternative exon.
A total of 2,563 CLIP-seq reads were mapped to the polypyrimidine tract binding protein 2 (nPTB) gene, which is crucial for many regulated splicing events in neurons 20, 21 . We identified 15 FOX2 binding clusters that could be aggregated into four groups (Fig. 3c) , one that contained 958 reads overlapping precisely with the known alternative exon and its flanking introns, which contain four UGCAUG elements in the ultraconserved introns 20, 21 . Such dense FOX2 binding may indicate an unexpected mode of regulation, such as cooperative action, that cannot be explained by simple FOX2 recognition of its consensus binding sites.
In the fourth example, 1,576 reads were located on the FOX2 transcript itself, with 198 reads overlapping with six conserved (U)GCAUG elements proximal to the 40-nt alternative exon 11 (Fig. 3d) , a finding that is consistent with the reported autoregulation of the gene crucial for homeostatic FOX2 expression 19, 22 . These and many other examples (see below) show that FOX2 functions as a regulator of other splicing factors, including itself, in hESCs.
Exon inclusion and repression by FOX2 binding in hESCs
Our mapping results revealed preferential FOX2 binding to intronic regions either upstream or downstream or on both sides of the alternative exons. To determine the functional impact of these physical binding events, we selected 23 FOX2 target genes for functional validation in HUES6 cells treated with a lentivirus expressing a short hairpin RNA (shRNA) against FOX2 (Fig. 4) . Western blotting 36 h after infection indicated specific downregulation of FOX2, relative to a control shRNA against enhanced green fluorescent protein (EGFP) (Fig. 4) . RT-PCR analysis showed that FOX2 depletion indeed induced differential alternative splicing in 17 out of 23 (73%) tested genes (Figs. 3 and 4 and Supplementary Table 2 online).
Notably, we observed a general trend with respect to FOX2-regulated exon inclusion or skipping, depending on the location of FOX2 binding sites in the upstream or downstream intronic regions. Depletion of FOX2 tended to lead to exon inclusion if FOX2 binding sites were located in the upstream intron, as seen in MAP3K7, ZNF532, PARD3 and SFRS11 (Fig. 4a) . In contrast, depletion of FOX2 resulted in exon skipping if FOX2 binding sites were located in the downstream intron, for instance, in ECT2, PICALM, PTBP1 and ENAH (Fig. 4b) . In several cases, such as in PTBP2 (nPTB), TSC2, SFRS6 and RIMS2, FOX2 binding sites were present in both upstream and downstream introns (Figs. 3 and 4) ; here, depletion of FOX2 resulted in either exon skipping (PTBP2, TSC2, SFRS6) or inclusion (RIMS2), probably reflecting a dominant effect of one binding site over the other(s). Notably, we also observed FOX2-dependent alternative 3¢ end formation in the QK1 gene (Fig. 4a) .
On the basis of the results from the experimental validation, we generated a general splicing model by compiling consensus FOX2 binding motifs that are associated with FOX2 depletion-induced exon inclusion (green) or skipping (blue) (Fig. 4c) . Compared to shuffled versions of the regions bound by FOX2, we observed an enrichment of seven-fold to nine-fold of the conserved GCAUG motifs within 1,000 nt of the alternatively spliced exons (P-value o 0.01). In fact, this enrichment peaks at 29-fold B100 nt upstream (repression) and 21-fold B100 nt downstream (activation) of the alternative exons (P-value o 0.001). This splicing model revealed a regulatory RNA map for FOX2 to activate or repress alternative splicing when bound downstream or upstream of the alternative exon, respectively. This RNA map is reminiscent of the trend observed with the neuronal specific splicing regulator Nova 23 , suggesting a general splicing code for cell type-specific splicing regulators. Notably, we observed that the alternative splicing patterns for a randomly selected subset of these exons were different in neural progenitors differentiated from HUES6 cells (HUES6-NP) that were FOX2 depleted by lentiviral shRNA, demonstrating that the splicing patterns were embryonic stem cell specific ( Supplementary Fig. 7  online) . Furthermore, the splicing patterns in FOX2-depleted human fetal neural stem cells (human central nervous system stem cells propagated as neurospheres, hCNS-SCns) were similar to FOX2-depleted HUE6-NP cells 24 . HCNS-SCns are primary fate-restricted neural progenitors that, similarly to HUES6-NP cells, also express FOX2, suggesting that upon neural differentiation the targets for FOX2 regulation will be altered. We conclude that our RNA targets of FOX2 identified by CLIP-seq are specific for embryonic stem cells.
FOX2 is an important gene for hESC survival
During the investigation of FOX2 knockdown-induced alternative splicing, we were surprised to observe a rapid cell-death phenotype in response to FOX2 depletion in a dose-dependent manner (Fig. 5a,b) . We observed the same phenotype using two independent lentiviral shRNAs on two independent hESC lines-HUES6 (Fig. 5a) and H9 ( Supplementary Fig. 8 online) . In contrast, we knocked down FOX2 in hCNS-SCns and observed no effect on cell survival, with the caveat that the knockdown in hCNS-SCns was of slightly lower efficiency owing to decreased infection in neurospheres 24 (Fig. 5a,b) . However, knockdowns in embryonic stem cells at comparable efficiencies to hCNS-SCns still recapitulate the cell-death phenotype. Live cell counts using trypan blue exclusion indicated cell death in a dose-dependent fashion, exclusively with FOX2 depletion in hESCs, but not hCNS-SCns (Fig. 5c) . Furthermore, FOX2 depletion did not affect expression of pluripotency markers in both HUES6 (Fig. 5d) and H9 hESC lines ( Supplementary Fig. 9 online) . Additionally, knockdown of FOX2 in transformed cell types such as 3T3 and HEK293T cells also did not affect cell viability ( Supplementary  Fig. 8 ), suggesting overall that FOX2 is selectively required for hESC survival.
To determine the possible cause of cell death, we stained HUES6 cells with the monomeric cyanine dye green fluorescent Yo-Pro-1, a marker of early apoptosis correlated with Annexin V staining 25 . Flow cytometry indicated that a statistically significant portion of FOX2-depleted, but not mock-depleted, cells committed apoptosis in a dosage-dependent manner (Student's t-test, P-value o 0.001) (Fig. 5e) . This apoptotic death was confirmed by immunocytochemistry for activated caspase 3 (Fig. 5e) . We also detected the upregulation of numerous genes involved in the necrosis pathway ( Supplementary Fig. 10 online) . Together, these results indicate that FOX2-deficient cells underwent both apoptosis and necrosis, independently of cell-cycle arrest ( Supplementary Fig. 11 online) . microRNAs). To shed light on the importance and roles of individual RNA binding proteins, it is necessary to identify the spectrum of targets recognized and associated with these RNA binding proteins. Genome-wide unbiased methods have begun to reveal the plethora of targets and diverse rules by which the post-transcriptional regulatory networks are controlled 26 .
Here we have identified the splicing factor FOX2 as being highly expressed in the nuclei of pluripotent hESCs. hESCs constitute an excellent in vitro model for survival, self-renewal, differentiation and development. Using a modified CLIP-seq technology and computational analyses that accounted for genespecific variation in RNA abundance, we have uncovered thousands of FOX2 RNA targets representing B7% of the human genes in hESCs. Confirming and extending previous computational analyses of human intronic regions [14] [15] [16] 18 , we observed that FOX2 was preferentially bound near alternative splice sites, and the binding sites were located within regions of higher evolutionarily conservation. Experimental validation of targets revealed that FOX2 represses exon usage when bound upstream and enhances exon inclusion when located downstream of the alternative exon, revealing an RNA map for the FOX2-mediated alternative splicing program in hESCs. Our study presenting in vivo targets of FOX2 in a biological system strengthens computational predictions from otherwise indistinguishable conserved FOX1 and FOX2 sites 27 , as both FOX1 and FOX2 recognize the same RNA element 6, 11, 28 . The fact that FOX2 is also expressed in differentiated neural progenitors from hESCs and fetal neural stem cells but was not shown to regulate alternative splicing the same way in hESCs, despite having conserved binding sites in the same transcribed pre-mRNA, underscores the importance of experimentally identifying in vivo targets in the appropriate cell and tissue context.
The finding that many FOX2 targets are themselves splicing regulators leads to the provocative possibility that FOX2 may function as an upstream regulator of many general and tissue-specific splicing regulators. In addition, we identified FOX2 binding within the FOX2 pre-mRNA itself and, combined with RT-PCR data, demonstrated direct evidence for autoregulation of the FOX2 gene. The alternative splicing of the FOX2 pre-mRNA may result in unique target pre-mRNA splicing regulation; this possibility deserves further attention in the future.
Last, our preliminary results indicate that FOX2 has an important role in maintaining the viability of hESCs, as depletion of FOX2 led to rapid cell death. Given the many genes controlled by FOX2 in hESCs, it is presently unclear which gene(s) or alternative splicing event(s) is responsible for the lethal phenotype. It is possible that the phenotype is a result of the combined effect of multiple affected genes. Given our observation that FOX2 may function as a master regulator of the alternative splicing program in hESCs and signaling pathways, it may be likely that many events contribute to the phenotype, that is, it may be unrealistic to think that the complex cellular mortality phenotype could be due to a single altered gene product. Nevertheless, the phenotype is remarkably specific to hESCs, and not other cell lines such as 293T or 3T3. More notably, neither neural progenitors derived from hESCs nor primary human fetal neural stem cells were sensitive to FOX2 depletion, suggesting that FOX2 has a different set of targets and, hence, a dissimilar RNA map in other cell types. Our study provides a starting point for the future characterization of the varying target repertoire of the same splicing factor in different biological systems, embracing a need to understand the uniqueness of factor-target relationships throughout biology.
METHODS
Culturing and differentiation of hESCs. We cultured hESC lines HUES6 and H9 as previously described (http://www.mcb.harvard.edu/melton/HUES/) 5 . Briefly, we grew cells on growth factor-reduced (GFR) matrigel-coated plates (BD) in mouse embryonic fibroblast-conditioned medium and FGF2 (20 ng ml -1 ) in DMEM media (Invitrogen) supplemented with 20% (v/v) Knock Out serum replacement (GIBCO), 1 mM L-glutamine, 50 mM b-mercaptoethanol, 0.1 mM nonessential amino acids (Invitrogen) and 10 ng ml -1 FGF2 (R&D Systems), and passaged by manual dissection.
Neural progenitors were derived from hESCs as previously described 5 . Briefly, colonies were removed by treatment with collagenase IV (Sigma) and resuspended in media without FGF2 in nonadherent plates to form embryoid bodies. After 1 week, embryonic bodies were plated on polyornathine/laminincoated plates in DMEM/F12 supplemented with N2 (1Â) and FGF2. Rosette structures were manually dissected and enzymatically dissociated with TryPLE (Invitrogen), plated on polyornathine/laminin-coated plates and grown in DMEM/F12 supplemented with N2, B27 without retinoic acid and 20 ng ml -1 FGF2. Progenitors were verified by neuronal differentiation using 20 ng ml -1 brain-derived and glial-derived neurotrophic factors (BDNF and GDNF).
Lentiviral short hairpin RNA-mediated knockdown of FOX2. We purchased lentiviral shRNAs constructs toward FOX2 from Open Biosystems in the pLKO.1 vector system (TRCN0000074545 and TRCN0000074546). The control virus used was pLKO.1 containing a shRNA toward GFP (Open Biosystems). Lentivirus production was as previously described 29 . The efficacy of the lentivirus was tested by infection of HUES6 hESCs at varying viral concentrations and subsequent western blotting 36 h after infection with an antibody to FOX2 (1:1,000, Bethyl Laboratories) and actin as a control (1:5,000, Sigma). The FOX2, control and a GFP lentivirus were all made in parallel and concentrated by ultracentrifugation. GFP virus was titered using serial dilutions and infection of HEK293T cells. At 3 d after infection, we analyzed the cells for GFP expression by FACS and determined the viral titer using multiple dilutions, which yielded infections in the linear range. Titers were between 1 Â 10 9 and 3 Â 10 9 . We used matched FOX2 and control viruses for hESC infections. Additionally, red fluorescent protein (RFP) was cloned into the PLKO.1 and 74546 lentiviral backbone in place of the puromycin-resistance gene and used in some studies to verify titer and comparable infection rates between the two lentiviruses.
Analysis of cross-linking immunoprecipitation reads. The human genome sequence (hg17) and annotations for protein-coding genes were obtained from the University of California, Santa Cruz Genome Browser. Known human genes (knownGene containing 43,401 entries) and known isoforms (knownIsoforms containing 43,286 entries in 21,397 unique isoform clusters) with annotated exon alignments to the human hg17 genomic sequence were processed as follows. Known genes that were mapped to different isoform clusters were discarded. All mRNAs aligned to hg17 that were greater than 300 nt were clustered together with the known isoforms. For the purpose of inferring alternative splicing, genes containing fewer than three exons were removed from further consideration. A total of 2.7 million spliced ESTs were mapped onto the 17,478 high-quality gene clusters to identify alternative splicing. To eliminate redundancies in this analysis, final annotated gene regions were clustered together so that any overlapping portion of these databases was defined by a single genomic position. To determine the number of reads that was contained within protein-coding genes, promoters and intergenic regions, we arbitrarily defined promoter regions as 3 kb upstream of the transcriptional start site of the gene and intergenic regions as unannotated regions in the genome. To identify CLIP clusters, we performed the following steps: (i) CLIP reads were associated with protein-coding genes as defined by the region from the annotated transcriptional start to the end of each gene locus. (ii) CLIP reads were separated into the categories of sense or antisense to the transcriptional direction of the gene. (ii) Sense CLIP reads were extended by 100 nt in the 5¢-to-3¢ direction. The height of each nucleotide position is the number of reads that overlap that position. (iv) The count distribution of heights is as follows from 1, 2, yh, yH-1, H: {n 1 , n 2 , yn h , yn H-1, n H ; N ¼ S n i (i ¼ 1:H)}. For a particular height, h, the associated probability of observing a height of at least h is P h ¼ S n i (i ¼ h:H) / N. (v) We computed the background frequency after randomly placing the same number of extended reads within the gene for 100 iterations. This controls for the length of the gene and the number of reads. For each iteration, the count distribution and probabilities for the randomly placed reads (P h,random ) was generated as in step (iv). (vi) Our modified FDR for a peak height was computed as FDR(h) ¼ (m h + s h )/P h , where m h and s h is the average and s.d., respectively, of P h,random across the 100 iterations. For each gene loci, we chose a threshold peak height h* as the smallest height equivalent to FDR(h*) o 0.001. We identified FOX2 binding clusters by grouping nucleotide positions satisfying h 4 h* and occurred within 50 nt of each other. This resulted in 6,123 FOX2 binding clusters. This number varied slightly when repeated for different sets of iterations. As a control for authentic FOX2 clusters, artificial randomly located regions were generated as follows. For each gene that contained one or more FOX2 binding clusters, we randomly picked the same number of regions of the same sizes as the FOX2 clusters in the premRNA. Distances between clusters were measured from the 3¢ end of a cluster to the 5¢ end of the downstream cluster. Clusters were further grouped, as many clusters were closer than expected when compared to the randomly chosen regions. If a cluster was greater than 50 nt in length and within 1,500 nt to another cluster, we grouped that as a single cluster, resulting in 3,547 clusters.
Cell-cycle and cell-death analysis. We carried out apoptosis staining using Yo-Pro according to the manufacturer's instructions (Invitrogen). Gating for apoptotic cells was determined empirically using a negative control (no Yo-Pro) and a positive control (4-h treatment with 10 mM campthothecin). Cell-cycle staining was performed as previously described 30, 31 . Briefly, cells were trypsinized, washed and resuspended in PBS, then fixed by the addition of a 3:1 ratio of ice-cold 100% (v/v) ethanol in PBS overnight at -20 1C. Subsequently, cells were washed and resuspended in a solution containing 50 mg ml -1 propidium iodide and 500ng ml -1 RNase A for 1 h at 37 1C before analysis by FACS on a Becton-Dickinson FACScan. Immunocytochemistry was performed using the activated caspase-3 antibody (Cell Signaling Technologies, 1:150).
Additional cell culture procedures and antibodies used, RNA extraction, RT-PCR, CLIP library construction and sequencing, Processing of 1G data and Genomic analysis are available in Supplementary Methods online.
Note: Supplementary information is available on the Nature Structural & Molecular Biology website.
